Abstract: Identifying conserved pockets on the surfaces of a family of proteins can provide insight into conserved geometric features and sites of protein-protein interaction. Here we describe mapping and comparison of the surfaces of aligned crystallographic structures, using the protein kinase family as a model. Pockets are rapidly computed using two computer programs, FADE and Crevasse. FADE uses gradients of atomic density to locate grooves and pockets on the molecular surface. Crevasse, a new piece of software, splits the FADE output into distinct pockets. The computation was run on 10 kinase catalytic cores aligned on the aF-helix, and the resulting pockets spatially clustered. The active site cleft appears as a large, contiguous site that can be subdivided into nucleotide and substrate docking sites. Substrate specificity determinants in the active site cleft between serine/threonine and tyrosine kinases are visible and distinct. The active site clefts cluster tightly, showing a conserved spatial relationship between the active site and aF-helix in the C-lobe. When the aC-helix is examined, there are multiple mechanisms for anchoring the helix using spatially conserved docking sites. A novel site at the top of the N-lobe is present in all the kinases, and there is a large conserved pocket over the hinge and the aC-b4 loop. Other pockets on the kinase core are strongly conserved but have not yet been mapped to a protein-protein interaction. Sites identified by this algorithm have revealed structural and spatially conserved features of the kinase family and potential conserved intermolecular and intramolecular binding sites.
Introduction
The surface of a protein is crucial for intermolecular function because interactions with other proteins, ligands, and nucleic acids all happen at the surface. The specificity at the site is determined by local surface properties including charge, the availability of hydrogen bonding, hydrophobicity, and shape. Families of proteins often have conserved binding sites, such as the ligand binding site in G-protein coupled receptors, or the ATP binding site in the kinase family. Similarly shaped pockets on structurally related surfaces suggest similar function, while differences in the shape and location of pockets can suggest diversity within the family. To detect similarities in the spatial organization and location of pockets on the protein surface, we have developed a method for spatially clustering pockets computed on aligned protein crystallographic structures. Here, we present results that show conserved interactions at the surface of the protein kinase catalytic core, including regulatory elements and substrate recognition.
Protein kinases are of interest because they are essential to cellular function and survival, and central to multiple signal transduction pathways. The importance of the kinase family in cancer was discovered in the 1970s when the oncogenic protein in Rous Sarcoma Virus, v-Src, was determined to be a constitutively active protein tyrosine kinase. 1 Kinases have since been extensively studied and have become targets for oncology drug development. Fourteen tyrosine kinase inhibitors have either been FDA approved or are in clinical development as new chemotherapeutic agents. 2 Comparative studies of the kinase family have been undertaken both within and across species using sequence similarity. The human kinome has at least 518 putative kinase genes, with 244 mapped to known disease loci. 3 Kinases share a conserved catalytic core where ATP and substrate bind and phosphoryl transfer occurs. The catalytic core may be the majority of the molecule, as with cyclin dependent protein kinase (CDK2), or it may be only a small part of a much larger molecule, as in the receptor tyrosine kinases. Catalysis is regulated by inter-and intramolecular interactions with the conserved catalytic core. Structural comparisons of the kinase family have been undertaken, but they are largely limited to main chain structural alignments. Here we compare and contrast pockets on the conserved catalytic core of the kinase family to provide insight into substrate recognition, activation mechanisms, and possible conserved sites of protein-protein interaction. Pockets are initially identified using FADE (Fast Atomic Density Evaluator) 4 and a new computer program we have named Crevasse. FADE maps the surface of a protein by computing the local atomic density gradient, which is closely related to the local surface curvature. Crevasse segments the FADE output into individual pockets. FADE does not seek to reproduce the well-established methods for finding small, ''druggable'' pockets such as Q-SiteFinder, 5 AutoLigand, 6 or DrugSite 7 but rather identifies all the concavities on a protein surface. Along with ligand binding sites, we have tuned FADE to identify larger pockets and grooves on the protein surface that could be sites of protein-protein interactions. Crevasse is new software written as companion software for FADE. It improves the FADE signal-to-noise ratio by discarding isolated outlying points and clustering the remaining points into distinct binding sites and grooves. A further level of clustering applied to all of the pockets on the set of studied kinases shows surface features that are spatially conserved across the family. The method is purely geometric, so sites with very different amino acids, and therefore different surface properties, can still be identified as conserved. First, the computation is shown on a new, highresolution structure of Protein Kinase A (PKA). In addition to the catalytic core, PKA has well-studied C-terminal and N-terminal tails that are essential for kinase activity. 8, 9 We show that these cis-regulatory elements fit into well-defined pockets on the conserved catalytic core. Second, a set of 10 active kinase crystal structures was chosen for comparisons. Active kinases were used because the active catalytic core has high spatial conservation. 10, 11 The consistency of the active kinase structure makes surface geometry comparisons possible without needing to align different parts of the kinase substructure to compare pockets. All of these kinases have well-described interactions between the kinase cores and protein regulatory agents such as subdomains and subunits that allow us to test the predictions made by the software and identify areas of interest on other kinases. The pocket clustering shows similarities between regulatory mechanisms in the kinase family. Recent work has shown that the kinase catalytic core is organized around the aF-helix, with two conserved spines of four amino acids each connecting the aF-helix and the active site cleft. 11 By aligning the proteins on the aFhelix and running the computation, we can test the spatial location of the active site cleft relative to the aF-helix. Differences between the substrate binding sites of serine/threonine and tyrosine kinases are apparent. This is the first algorithm to discriminate between serine/threonine and tyrosine kinase catalytic cores based solely on the shape of the peptide binding site. There are mechanisms for stabilizing the aC-helix that have been described on the EGF receptor kinase and the cyclin/cyclin dependent kinase (CDK2) complex, 12 and in the AGC kinase family. 9 Using FADE and Crevasse, we are able to compute a cluster of pockets at the a aC-helix that shows the similarities between the mechanism of aC-helix stabilization in CDK2, PKA, mitogen activated protein (MAP) kinase, and death associated protein kinase (DAPK). In addition to highlighting known features of the family, the software can identify orphan pockets without known inter-or intramolecular interactions. Protein kinases have unmapped interactions with regulatory proteins, so these sites could be considered for sites of interaction with other proteins. 
Results

Protein Kinase A
On the PKA catalytic core, the algorithm identifies two distinct pockets adjacent to the aC-helix, one at the middle of the N-lobe surface of the helix and a second near the C-terminal end of the C-lobe surface of the helix. Figure 2 shows the computationally identified pockets on the kinase core and the how they are occupied in the complete structure. The pocket on the N-lobe surface of the aC-helix is filled by the FxxF motif formed by residues 347-350 from the C-terminal tail. Residues F26 and W30 from the N-terminal tail fit into the pocket on the C-lobe surface, and stabilize the aC-helix from the C-lobe surface. Purified mammalian PKA has been shown to have a myristic acid covalent modification 13 packs well enough to smooth the surface of the protein and fill the acyl pocket. This demonstrates the ability of Crevasse to identify potential small molecule binding sites, and shows the stability of the acyl site in nonmyristylated PKA. The empty pocket under the N-terminal tail present in all three structures is also of interest. Upon RII subunit binding, the N-terminal tail has been shown to have increased backbone flexibility, with the myristyl group flipping out to associate with membranes. 15 Movement of the N-terminal tail would expose the pocket for a potential protein-protein or protein-membrane interaction.
Kinase Clustering
Ten active kinase crystal structures in closed conformations were chosen to test the pocket clustering methodology. The relationship of the kinases to the human kinome is illustrated in Figure 3 (A) on a map of the human kinome. 3 The AGC, CMAK, CMGC, and TK families are all represented. The kinases were aligned on the conserved aF-helix backbone, shown in Figure 3 (B) and the computation run in all the kinases. The aF-helix was chosen because it has been shown to be a highly conserved element in the kinase catalytic core. 10 There are two sets of spatially conserved hydrophobic amino acids, termed spines, which originate at the aF-helix and end in the active site cleft. Clustering on a small, spatially conserved element rather than by backbone RMS alignment preserves the relationships of the surface pockets to the catalytic machinery. The kinase active site cleft was identified by the software as the largest crevice in all 10 proteins and the centers of the active sites clustered tightly. Computational results for the active site cleft are depicted in Figure 3 (D), with results from each kinase shown in a different color. Figure 3 (B) shows the clustering results for the active site cleft. The active site is 30 Å long and irregularly shaped, yet the site centers in all 10 kinase cores fall no more than 2.57 Å from the cluster centroid. In all 10 kinases, the nucleotide and peptide binding sites are identified as a single large, geometrically contiguous active site cleft with similar geometry. This demonstrates a universal, precise relationship of the active site cleft to the aF-helix.
N-lobe Cap
At the top of the N-lobe, there is a pocket present on all 10 kinases. Figure 4 (A) shows the overlaid points from the computation, with each kinase in a different color. Differences in the position of the pocket are partly reflective of subtle differences in the position of the glycine loop, since the kinases were aligned on the aF-helix rather than the N-lobe. The pocket tends to be above the beta sheet, located above a residue homologous to PKA M71. This location is of interest, because it is adjacent to K72 and A70. K72 is a highly conserved residue that hydrogen bonds to ATP, and A70 is the top of the C-spine. Because of the highly conserved location of A70 and K72, the position of M71 is strictly defined. The structural motif of residues filling the top of the N-lobe over the spines is a new feature of the kinase core. When the 10 kinases are examined, all of them have between one and four N-terminal residues that occupy the computationally defined pocket. Figure 4 shows specific examples of the motif on PKA, ERK2, and PHK. Table I shows the kinase sequences, aligned by homology on Subdomain I to sequences in Hanks and Hunter. 16 The residues on a black background in the table had atoms in the pocket. There is no clear sequence homology between the residues outside of closely related sequences like IRK and LCK; the N-lobe Cap motif is purely geometric. Our results suggest that amino acids N-terminal to the b1 strand of the N-lobe should be studied further for a possible structural role in the kinase core.
Substrate Specificity
The computation showed a difference between tyrosine and serine/threonine kinases outside of the active site cleft where phosphorylation substrates bind. Figure  5 (B) shows the results of the clustering computation. Two different clusters of pockets were identified, one cluster with only serine/threonine kinases and the other with only tyrosine kinases. PHK has two sites in the cluster because Crevasse separated the points into two small, adjacent sites rather than one larger site. The two sets of clustered pockets are depicted in The PKA crystal structure used in the clustered experiment was chosen because it has a very good resolution, but lacks ATP. To examine the PKA active site, FADE and Crevasse were run on residues 41-297 of a new crystal structure with ATP and residues 5-24 of the protein kinase inhibitor peptide PKI. The active site cleft, pictured in Figure 5 (A), shows the extremely important contacts between PKI and PKA that occur in the pocket. The specificity determinants for PKA phosphorylation are arginine residues two, three, and six residues before the substrate serine or threonine.
The residues are termed P-2, P-3, and P-6. All three of these arginine residues occupy pockets on the PKA surface. The pocket unique to the serine/threonine kinase family is occupied by the P-2 and P-6 arginines, and the P-3 arginine falls into the large active site cleft pocket. The rest of the active site cleft is filled by F327 from the C-terminal tail. PHK is also co-crystallized with a short inhibitor peptide. Similar to PKA, specificity determinants are located in the pocket. The P-2 asparagine residue occupies the pocket, and the P-3 arginine falls into the active site cleft. The peptide ends at P-3, so the binding of the rest of the specificity determinants cannot be inferred from the structure but the pocket has room for additional amino acids. In contrast, when the full IRK structure is overlaid with the core used in the computation, the backbone of the substrate tyrosine at the phosphorylation site falls into the computationally identified pocket. The pocket serves to extend the active site cleft so that the substrate peptide backbone is positioned for the bulkier tyrosine residue to fit into the phosphorylation site. The geometric fit of the peptide backbone and tyrosine residue may be part of the specificity determinant between serine/threonine and tyrosine kinases. Figure 3(B) , the distance column is the distance in angstroms of each pocket center from its respective k-means cluster centroid. C: Cluster identified on serine/threonine kinases, pictured on PKA ribbons. D: Cluster identified on tyrosine kinases, pictured on IRK ribbons. The points are colored by kinase, using the colors in Figure 3(B) .
aC-Helix Stabilization
Pockets were identified on multiple kinases at the Nlobe and C-lobe surfaces of the aC-helix. There are pockets on both surfaces in PKA, ERK2, IRK, and DAPK. There are also single pockets on c-Src, CSK, and PHK. As the PKA FxxF motif falls into the pocket on the PKA core, 9 we examined the clusters of pockets near the aC-helix in the aligned structures. Amino acids occupy the pockets in four of the serine/threonine kinases, PKA, DAPK, CDK2, and ERK2. The aChelices and the amino acids that occupy the pockets are pictured in Figure 6 . As shown before, the pockets on PKA are occupied by the C-terminal and N-terminal tails. In ERK2, a long extension of the C-terminal tail occupies both the N-lobe surface and C-lobe surface pockets. Residues F327, M331, and D334 occupy the N-lobe surface, and an a-helix formed by residues 341-350 lies along the C-lobe surface of the aC-helix.
Residues in the pocket are L341, I345, T349, and F352. T349 forms a hydrogen bond to R89; the rest of the interactions within the computationally defined pocket are nonpolar. In DAPK, the short N-terminal tail folds over the N-lobe and fills the pocket. Amino acids in the pocket are T1 and F3. In CDK2, there is a similar interaction, only the aC-helix pockets are occupied by amino acids from cyclin. The N-lobe surface pocket is occupied by cyclin residues L299 and F304. Residue H296 is not in the computational pocket, but it is next to the aC-helix. Cyclin residues H296 and F304 are structurally homologous PKA residues F346 and F350. The C-lobe surface pocket is occupied by cyclin residues F267, E268, and I270. PHK has nothing occupying the pocket, but PHK has very few amino acids in the crystal structure beyond the kinase core. Our analysis suggests that another protein might interact at that site on PHK. There is no crystal packing near the aC-helix, and water molecules are in the pockets.
The pocket was not detected in the computation on Sky1P. Sky1P is the only constitutively active serine/threonine kinase of the six and it has a unique, extended aC-helix. 17 Rather than a direct interaction with the aC-helix, the Sky1P C-terminal tail binds in a different site on the C-lobe of the kinase to stabilize the aC-helix. Similar to other kinases with cis-regulatory elements, deletion of the tail results in a loss of the constitutive activity. In IRK, the pocket on the N-lobe surface of the aC-helix is filled in the crystal by the N-terminus of an adjacent molecule. A common feature in the amino acids packed against the N-lobe surface of the aC-helix in these structures is the presence of at least one phenylalanine residue. A small computationally distinct pocket was present at the C-terminal end of the aC-helix on two of the four tyrosine kinases, c-Src and IRK. The pocket is filled by a highly conserved tryptophan residue, W260 in c-Src. Because Crevasse was tuned to select larger Figure 6 . aC-helix pockets and amino acids filling them. The four proteins shown each have different regulatory elements that fill pockets at the aC-helix. Computed pockets are shown as gold surfaces, the N-lobe in grey, and amino acids outside the kinase core are shown in red. Cyclin is in teal. ERK2 and CDK2 are in a different orientation to show the phenylalanine rings clearly. CDK2 has pockets filled by cyclin, ERK2 by its C-tail, DAPK by its N-tail, and PKA by both C-and N-tails. Figure 7 . Orphan pockets. Pockets were found on multiple kinases that were not filled in the crystal structures. Points are colored by kinase, as shown in Figure 3(B) . There is a pocket in all 10 kinases over the hinge region and aC-b4 loop. A second pocket is in all 10 kinases at the at the N-terminal end of the aF-helix. The third pocket is over the DE loop and the C-terminal end of the aF-helix. It is only absent in PKA.
pockets that might be sites of protein-protein interaction, a second computation with a shorter, 4 Å length cutoff was run to look for smaller pockets at the aChelix of the other two kinases. In that computation, a third pocket was found on LCK. In c-Src, W260 is positioned at the C-terminal end of the aC-helix with two hydrogen bonds to D258, and E97 from the SH3 domain. In inactive c-Src, the aC-helix is moved away from the kinase core, and W260 is positioned between the aC-helix and the kinase core. 18 There is no hydrogen bond to the tryptophan nitrogen atom. When the four tyrosine kinases are aligned on the aC-helix rather than the aF-helix, the conserved tryptophan at the C-terminal end of the helix is tightly structurally conserved in c-Src, IRK, and LCK. All three kinases also have a nearby glutamic acid residue within hydrogen bonding distance of the tryptophan backbone. CSK shares a homologous tryptophan, but no computational pocket. The position of the CSK tryptophan is slightly different, and the glutamic acid residue is not present in the structure. Instead, F183 is packed next to the C-lobe surface of the aC-helix similar to the serine/threonine kinases. The results suggest that c-Src and other tyrosine kinases have a different mechanism of aC-helix stabilization. In Hck, a Src family kinase, mutation of the homologous tryptophan to alanine increases activity and disrupts the activation by ligand binding to the SH2 and SH3 domains. All that is required for full activity is autophosphorylation. 18 In contrast, mutation of W362 in c-Raf inactivates the kinase. 19 
Orphan Pockets
There are conserved pockets on the kinase core that cannot be related to a known function. Some are present on all the kinase cores in the survey, and others show some selectivity. Three sites are depicted in Figure 7. There is a cluster of pockets over the aC-b4 loop and the N-lobe and C-lobe linker region that is present on all 10 kinases. None of the 10 crystal structures have anything occupying the pocket. There are two large pockets common to most of the kinases on the C-lobe as well. There is a large orphan pocket located over the loop between the D and E helices, and at the C-terminal end of the aF-helix. This pocket is present in 9 of the 10 kinases, and is missing only in PKA. There is nothing crystallized at that particular site except in c-Src. In c-Src, the last amino acid on the C-terminal tail, L533, folds into the identified site. The function of the site and the reason it is missing on PKA are difficult to determine from these data. The second C-lobe orphan pocket is on the other side of the aF-helix. It is located at the N-terminal end of the aF-helix and the C-terminal end of the aE-helix. The pocket is near where the PKA regulatory subunit binds in the holoenzyme, but is not occupied by regulatory subunit amino acids in any structure crystallized thus far. This site in Sky1P is filled by the Sky1P C-terminal tail. The pocket is occupied by I729, W732, and part of F733. As mentioned earlier, the Sky1P C-terminal tail is important in positioning the aC-helix 17 and required for the constitutive activity.
Methods
FADE and Crevasse
The protein surfaces are first mapped using FADE. FADE uses the gradients of radial counting functions to characterize the shape of the molecular surface without actually computing the surface. FADE counts the number of atoms within spheres of varying radii to estimate the gradient. Atomic centers from a protein crystal structure are mapped onto a grid and the atomic density gradient is computed at each grid point. The atomic density gradient contains information about the protein surface and can map changes in surface curvature. By restricting the output to points where the FADE score is high and removing interior points, FADE can output a set of points that lines crevices and grooves on the molecular surface. FADE is fast, full source code is available, it can run successfully on any structure that fits into memory, and it is potentially extensible to any molecular property that can be mapped onto a grid. In the original publication, FADE mapped crystallographic structures onto a grid with 1.0 Å spacing. The input set included only those atoms that were resolved in the crystallographic structures. Hydrogen atoms, which are not usually visible in X-ray crystallographic structures, were not included in the computation. The software was able to map grooves on the protein surface, but it did not fill ligand pockets well, or flood deeper pockets differently from shallower ones. The FADE results are improved dramatically by using finer grids and computationally adding hydrogen atoms to the structure. Because each atom is counted irrespective of type, adding hydrogen atoms improves the FADE computation by filling the interior of the protein more completely and representing the number of atoms at the molecular surface more accurately. The finer grid provides a better representation of atomic density and more detail in the output.
Crevasse was written as companion software for FADE. Raw FADE output is a set of grid points that line the surfaces of pockets, and it can be noisy. Crevasse is a small piece of software that segments the FADE output into individual pockets. It reads the FADE grid, finds sets of connected points, calculates the longest axis through the points and filters the pockets to a user-defined minimum number of points and/or axis length. The number of connections and the way it defines connections is also user-configurable. As part of the computation Crevasse finds the mean of the points, which can be output as an estimate of the center of the pocket. Crevasse is available for free download at http://www.sdsc.edu/CCMS/.
Kinase Processing
Ten kinase core X-ray crystal structures were selected for the comparison, six serine/threonine and four tyrosine kinases. Only active structures in a closed conformation with the R-spine in a catalytically competent position were used. 11 The structures were truncated to include only the catalytic core. The alignment and subdomain definition provided in Hanks and Hunter 16 was used to determine where to truncate the proteins. The beginning of subdomain I was defined as a residue homologous to PKA D41, and the end of subdomain XI was defined as homologous to PKA F297. Water molecules, ligands, and metals were removed, leaving only the polypeptide. Alternate atom locations were also removed. No attempt was made to rebuild missing side chains or side chain atoms because of the difficulty of determining a location for the rebuilt atoms. Hydrogen atoms were added using Reduce software on default settings. 20 All 10 kinase cores were pairwise structurally aligned on the backbone atoms of the aF-helix against PKA residues 218-230 using PyMOL. 21 The PDB IDs, names, and residues of the 10 kinases are listed in Table II . After the crystal structures were aligned and processed, FADE and Crevasse were run on each structure. FADE was set to use 0.5 Å grid spacing and return points 1.5 Å from atomic centers with scores above 4.6. These FADE settings return points that are very close to the Van der Waals surface of the protein, and only in regions with strong convex surface curvature. Crevasse was set to discard groups of points with fewer than 80 points or with the longest axis through the points shorter than 5 Å. The settings for FADE and Crevasse were determined by examining the distribution of FADE scores and the sizes of the resulting pockets. As part of the Crevasse computation, the center of each crevice is computed as the mean of the points. To identify groups of potentially conserved binding sites, the crevice centers were spatially clustered using a k-means procedure in SASV R software. 22, 23 New clusters were initiated when the Euclidian distance between a point in the cluster and the seed exceeded 10 Å. The pocket centers clustered into 30 distinct spatial clusters. Many of the clusters highlight regions of known conserved function.
Crystallography
The catalytic subunit was expressed and purified in E. coli as described previously. 24 The catalytic subunit (Cat) was dialyzed against 10 mM MOPS buffer (pH 7.0), 50 mM NaCl, 3 mM MnCl 2 , and 0.2 mM ATP. Approximately 10-fold molar excess amounts of IP20 (PKI peptide 5-24) was added at the time of crystallization to the protein. The Cat:IP20 complex was crystallized at 4 C in hanging drops using the vapor diffusion method in 0.5M (NH 4 ) 2 SO 4 , 0.1M HEPES (pH 7.5), and 10% MPD. The crystals were transferred to a cryoprotectant solution (mother liquor containing 15% glycerol) and flash cooled in liquid nitrogen. X-ray diffraction data were collected at beamline 8.2.1 (Advanced Light Source, Berkeley, CA). Diffraction data were processed and scaled using HKL2000. 25 The final data were integrated and scaled in P2 1 2 1 2 1 (a ¼ 57.5 Å, b ¼ 80.5, c ¼ 96.6 Å) with satisfactory statistics. Initial phases of the Cat:IP20 complex were generated by molecular replacement using the same structure solved reported in 1993 (Protein Data Bank ID code 1ATP 26 ) as a search model after the protein kinase inhibitor peptide removed using Phaser. 27 The C-subunit was clearly located in the asymmetric unit showing a rotational Z-score of 30.5 and a translational Z-score of 40.9. Electron densities for the protein kinase inhibitor were clearly visible except for the residues 25. A combination of simulated-annealing composite omit and sigmaA-weighted 3Fobs-2Fcalc, 2Fobs-Fcalc and Fobs-Fcalc maps were used for model building in COOT. 28 The final refinement implementing TLS refinement 29 followed by manual model building resulted in a model with R work and R free of 18.01 and 20.4 respectively. The coordinates were deposited in the Protein Data Bank under the ID code 3FJQ. The crystallographic data and refinement factors are listed in Table III . The kinases used in the comparison are listed in Table I , with their PDB ID, chain, and the residues defined as the core. The aF-helix residues listed were used for the structural alignments.
Conclusions
Clustering surface pockets within a protein family can be used to make comparisons and find new features within a related group of structurally homologous proteins. In the kinase family, clustering FADE and Crevasse results shows both similarities and differences between the serine/threonine and tyrosine kinases. The tight active site cleft cluster both validates the pocket clustering methodology and demonstrates the strong degree of conservation of active kinase catalytic cores. The spatial relationship between the active site cleft and the aF-helix has been tightly conserved in these 10 kinases. The cluster of pockets at the kinase aC-helix shows how this method can pick out similar mechanisms that do not necessarily share sequence homology. Four of the six serine/threonine kinases in this survey have something packed tightly against the aChelix, presumably to maintain the active conformation. The pocket is conserved, but the mechanisms to fill it are quite diverse. PKA has both C-and N-terminal tails packed against the helix. DAPK has ''solved'' the problem with an N-terminal tail, while ERK has an extended C-terminal tail. CDK2 has a fourth mechanism, with cyclin packed in against the helix. There is specificity from kinase to kinase, as cyclin does not activate kinases other then CDK2; kinase tails do not promiscuously activate other kinases.
The pocket at the top of the N-lobe is a new finding for the kinase family. The pocket is occupied in all 10 of the active structures studied. It is tempting to speculate that the N-lobe cap plays a role in N-lobe stabilization because of its proximity to the conserved lysine (K72 in PKA) and the residue at the top of the R-spine. Packing at the top of the N-lobe could help maintain the orientation of these residues in the active conformation. More kinases should be studied to see whether the top of the N-lobe is consistently occupied in kinase structures. If so, the classical definition of the kinase catalytic core should be revised to include the amino acids that fold onto the top of the N-lobe.
Another new finding is the difference in shape at the substrate recognition site and peptide docking site. This algorithm shows an extra surface at the peptide docking site that may function to position the bulkier tyrosine residue at the phosphorylation site. It also shows a conserved pocket at the substrate recognition site in serine/threonine kinases. Recently a new structure of c-Fes with bound substrate was solved. 30 FADE and Crevasse were run on the core of c-Fes and a pocket matching the other tyrosine kinases in this study was present at the active site. Figure 8(A) shows phosphorylated c-Fes (PDB ID 3CD3), with the cocrystallized substrate in the computed pocket. This is the first method that has shown potential for differentiating between serine/threonine and tyrosine kinases by purely geometric methods. More structures with bound peptide substrates and inhibitors would have to be studied to see whether the difference is consistent, There is a series of crevasses around the aC-helix and leading to the active site that are large enough for kinase-substrate interactions. C: Computation on CLK1 (blue), DYRK1A (gold), and PKA (dark red) pictured on CLK1 ribbons with points returned by Crevasse drawn as spheres. The substrate recognition site has a similar shape to that of the serine/threonine kinases in Figure 5 .
and whether it is maintained in open conformations and inactive kinases. The algorithm was run on two dual specificity kinases, CLK1 (PDB ID 2VAG) and DYRK1A, the tyrosine-phosphorylation-regulated kinase 1A (PDB ID 2VX3). The dual specificity kinases autophosphorylate on tyrosine residues, but the target substrates for both CLK1 and DYRK1A are serine or threonine residues. [31] [32] [33] The results, shown in Figure 8 (C), show that these two kinases have a surface like the serine/ threonine kinases, with a substrate recognition site similar to that of PKA and no extended area for tyrosine at the phosphorylation site. No peptide substrate is co-crystallized, so the question remains as to how these proteins accommodate the bulky tyrosine for autophosphorylation. The large, conserved pockets with unknown functions (orphan pockets) are also potential areas of study. The hinge and aC-b4 loop was identified as a possible regulatory region of the kinase core. 34 The observed orphan pocket supports the hypothesis of protein-protein interaction at that region of the kinase. The conserved C-lobe site where the Sky1p tail binds may also have functions in other kinases. It is close to where the PKA regulatory subunit binds. There are not full structures of all of the PKA holoenzymes available yet, so it remains to be seen whether the site is occupied in PKA. The third orphan pocket at the DE loop shows a difference between PKA and the rest of the kinases studied. It is a rather large pocket in the nine other kinases, but the surface on PKA is quite flat at that site. Another interesting use of the algorithm is to form hypotheses about known protein-protein interactions with unmapped locations. In the publication on c-Fes 30 it is shown that SH2 domain binding to phosphotyrosine on a substrate primes the active site for phosphorylation. Figure 8(B) shows the computation c-Fes (PD ID 3BKB) where the SH2 domain is organized around a sulfate atom. There is a large, unoccupied pocket next to the sulfate atom, and sets of deep grooves leading from the SH2 domain, around the aChelix, and down to the active site cleft. The computation provides a possible map of the path of substrate interaction with c-Fes. Overall, this method is an efficient way of comparing protein surfaces independent of amino acid sequence. The method has identified some of the important motifs in the kinase family, shown a possible way of discriminating between serine/threonine and tyrosine kinases, and highlighted potential regions of interest for further study.
